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CHAPTER 7
[ NSTRUMENTATI ON

7-1. Systematic Monitoring. Planning the monitoring program should be
approached systematically. Ideally, the planning process begins with a
definition of objectives and ends with actions dictated by an eval uation of
the data. A hasty and unplanned approach is likely to onit consideration of
many pertinent factors. The planning process should include appropriate steps
as outlined below. Onmission or inadequate consideration of these key planning
steps will guarantee a high probability of failure and vice versa

7-2.  Proper Planning. A check list for planning will include the follow ng
steps (item 28)

a. Definition of Project Conditions. This will entail an understanding
of the type, function, and duration of the structures, subsurface stratigraphy
and engineering properties, ground-water conditions, status of nearby struc-
tures or other facilities, environnmental conditions, construction nethods
scheduling, and funding.

b. Purpose of Instrunentation. Details are discussed in paragraph 7-3

c. Selecting Variables to Mnitor. The variables selected for nonitor-
ing will depend on the project conditions and the purpose of the instrunenta-
tion. These may include water levels in the fill and stabilizing berm pore
pressure in the foundation, earth pressure in the soil mass and at the soil -
structure contact, surface and subsurface horizontal deformation within the
foundation, the fill, and along a sheet pile nenmber, strain in the sheet pile,
and load in anchors and tiebacks.

d. Predicting Behavior. This step helps to establish the range and
accuracy or precision of the instruments. It also helps to determne where
instruments should be |ocated, Predi cti on of behavior also establishes a
nunerical value of deviation fromanticipated performance at which sone action
must be taken to prevent failure, protect property and human life, or alter
construction procedures.

e. Responsibility. It nust be decided who will be responsible for
procurenent, calibration, installation, nonitoring, and naintenance of the
instrumentation system The data nust be pronptly processed and eval uated by
responsible individuals. It nust also be decided who will react to the data
and who has overall responsibility.

f. Selection of Instrunents. The nost desirable feature to be con-
sidered in selecting an instrument is reliability. It should be the sinplest
instrument that will get the job done, be durable to wthstand the ambient
environnent, and not be very sensitive to clinatic and ot her extraneous con-
ditions. Qher factors to be considered are cost, skills required to process
the data, interference to construction, instrunent calibration, special access
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while nonitoring, accuracy, and the range of predicted responses conpared with
the range of the instrument.

g. Instrument Layout. A few selected critical zones should be instru-
mented fully; whereas, other locations may be equi pped with fewer and |ess
expensive instruments. The layout should facilitate obtaining appropriate
infornmation during each critical stage and be flexible enough such that
changes can be made should there be nmalfunctions and as new i nformation
becomes avail abl e.

h. Preparation of Plans and Specifications. A general plan and appro-
priate sections and details should be devel oped which clearly show the | oca-
tions, quantity, and installation details of each instrument. The specifi-
cations should specify who has responsibility for each activity (e.g.,
procurenent, installation, calibration, maintenance, data collection, and
eval uation) and give special instructions pertaining to each. The nethod of
paynent should be spelled out, overall responsibility designated, and author-
ity to make changes specified. These two docunents nust be consistent and
conplete to avoid ambiguity and subsequent clains by the contractor.

i. Processing and Evaluating Data. This step includes preparing data
sheets; establishing monitoring schedules; setting requirenents for collecting

and transnmitting data; data reduction, analysis, and interpretation; and data
eval uati on.

j. Oher Considerations. Determining factors that may influence nea-
sured data, planning to ensure reading correctness, listing specific purpose

for each instrument, and acquainting new personnel with the system nmust be
st udi ed.

7-3.  Purpose of Instrunentation.

a. The purpose of the monitoring program nust be known, understood, and
accepted by all pertinent parties to ensure success. Mich tinme, energy, and
noney can be saved if the purpose is derived early in the process. Under-
standi ng the purpose helps to direct available resources toward specific
activities, and extraneous efforts are essentially elininated

h. The purpose of the nonitoring program may be singular or pluralis-
tic, including one or nore of the follow ng:

(1) Verifying design assunptions and nethods.

(2) Verifying contractor's conpliance with the specifications.
(3) Verifying long-term satisfactory performance.

(4) Safety.

(5) Legal reasons.
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(6) Advancing the state of the art.

(7) Verifying adequacy of a new construction technique.
(8) Controlling the rate of progress of construction.
(9) Accessing inpact on environmental conditions.

c. The purpose will be influenced significantly by such project condi-
tions as the type, function, and duration of the structure, the subsurface
conditions, the nature and extent of the ground-water conditions, the proposed
construction methods and procedures, environnental conditions, confidence in
the design approach, potentials for litigation, etc. Mst of this information
is developed in the design stages, with new data and changes provided as the
project progresses. The designer of the nonitoring program shoul d assume the
responsi bility of acquiring, understanding, and keeping abreast of all factors
that may inpact upon the nonitoring program

7-4.  Types of Instrunments. The kinds of instrunents selected will depend on
the purpose, project conditions, and the variables that will be nonitored.

Each variable nonitored will require a specific kind of instrument, e.g., pore
pressure will be nonitored with sonme type of piezoneter. A variety of instru-
nments varying in the degree of sophistication is available fromboth donestic
and foreign manufacturers and suppliers. The following is a brief description
of the nore comon instruments used in a programto nonitor steel sheet pile
structures.

a. (Oobservation Wlls. The observation well consists of a riser pipe
connected to a perforated or porous tip at the lower end and is installed in a
borehole to sone specified depth or attached to the sheet pile before driving.
The annul ar space of the borehole is backfilled with sand or fine gravel and
seal ed at the ground surface with grout or other suitable inpervious nateria
to prevent entrance of surface water. (Observation wells are mainly used to
neasure unconfined ground-water |evels and are nonitored directly by a probe

or tape. |f observation wells penetrate nore than one aquifer or penetrate a
perched water table and an underlying aquifer, the resulting water levels are
average ground-water levels and are generally not very neaningful. This is a

deci sive disadvantage of observation wells, but if the subsurface conditions
and the nature of the ground-water regime are well defined, observation wells
can be installed to provide very neaningful data. Cbservation wells nay be
installed to nonitor ground-water levels in the cell fill, backfill naterials
and stabilizing berms. Installation can be nmade during sheet pile driving by
attaching the casing and slotted or perforated tip (an inexpensive well point
can be used) to the sheet pile. Provisions should be nade to protect the tip
and casing during driving if damage is likely to occur.

b. Piezometers. The term piezonmeter is used to denote an instrument for
monitoring pore pressures in a sealed-off zone of a borehole or fill. Piezom
eters can be classified into five types, depending on the principle used to
activate the device and transnit the data to the point of observation. The

7-3



EM 1110-2-2503
29 Sept 89

five types of piezoneters include the open standpi pe piezoneter, the closed
hydraulic piezometer, the diaphragm piezometer, the vibrating wire strain gage
pi ezoneter, and the semiconductor strain gage piezoneter. A variety of each
type of piezometer is available from domestic and foreign nanufacturers and
suppliers. Piezometers are used to nonitor pore pressures in the cell fil

and foundation, in the stabilizing berms, and in the backfill material. The
type of piezoneter selected should be based on such things as reliability,
ruggedness, suitability, sinplicity, cost, interference to construction, etc
The open standpi pe piezoneter has the advantage of sinplicity and its use is
wi despread. In those cases where mnimumtine lag is a significant factor and
when high artesian pressures nust be nonitored, a pneumatic or a vibrating
wire strain-type gage piezoneter would be nore suitable. Installation can be
made during pile driving by securely attaching the piezonmeter to the sheet
pile and protecting the tip and riser pipe or tubes from damage. Installation
after fill placenment is conplete can be done by any appropriate conventiona
et hod

c. Inclinometers. Inclinometers can be used to nonitor horizonta
deformation within the cell fill, along the length of a sheet pile section, in
the cell foundation, and within the stabilizing berm The inclinonmeter system
consists of a pipe installed in a vertical borehole or securely attached to
the surface of a sheet pile in the cell. Normally, the lower end of the cas-
ing is anchored in rock and serves as a reference point. Casing attached to
sheet pile is normally not anchored in rock. The top of the casing is refer-
enced to nonuments outside the construction area. A sensor, which neasures
the inclination of the casing at depths determ ned by the observer, is used to
monitor the full length of the casing. The sensor is connected to a graduated
el ectrical cable which is used to |lower and raise the sensor in the casing
The upper end of the cable is attached to a readout device that records the
inclination of the casing fromthe vertical. Tilt readings and depth neasure-
nents are conpared with initial data to determ ne novenents that have occur-
red. Plastic, alumnum and steel casing of various sizes and shapes have
been successfully used with sheet pile cellular structures. Circular casing
wi th gui de grooves and square casing are available from US nmanufacturers.
Casing within the cell fill and in the stabilizing bermare installed in bore-
holes. Casing connected to sheet pile sections nust be attached so that the
casi ng remai ns undamaged and securely fastened to the sheet pile after the

pile has been conpletely driven to the design depth. In-place inclinoneters
may be installed to provide continuous or automatic nonitoring with alarm
capability. In-place inclinoneters can be nonitored manually or automati -

cally. The manual system consists of one or nore sensors, a readout station,
and a portable indicator. The automatic system consists of one or nore sen-
sors, a junction box, power supply, and data |ogger. For safety, the alarm
option automatically generates an al arm when novenent of one of the sensors
exceeds a preset threshold.

d. Earth Pressure Measuring Devices. Earth pressure nmeasuring devices
fall into two categories. One is designed to measure the total stress at a
point in an earth nmass and the other is designed to nmeasure the total stress
or contact stress against the face of a structural elenment. Devices in the
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latter category are relatively accurate and reliable, provided the device is
designed to behave sinmlarly to the structure. In addition, the earth pres-
sures on a structure may be reasonably uniform for the structure as a whole,
but are usually very nonuniformover an area the size of a pressure cell

This condition results in a wide scatter of data that is difficult to inter-
pret. Earth pressure neasuring devices designed to measure stress at a point
in a soil mass are not considered as accurate and as reliable as devices to
measure stress against a structure. The main problemcenters around the nea-
suring device and the difference in the elastic properties of the surrounding
backfill and the mass fill. Devices in this category are still in the devel -
opment stages. A nore conplete discussion on earth measuring devices is
presented by Sellers and Dunnicliff (item 68) and in EM 1110-2-1908. Earth
pressure cells nust be inspected and tested for leaks in a water bath prior to
instal |l ation. The cell should be calibrated while undergoing the |eak test
and rechecked i nmedi ately before and after installation to ensure that the
cell is still responsive to pressure change. The earth pressure cell my be
installed by bonding the cell to a thin steel plate which is bolted or wel ded
to the sheet pile nenber. This type of installation will cause the face of
the cell to protrude beyond the face of the sheet pile. Attaching the cel
such that the face of the cell is flush with the surface of the sheet pile is
a nmore desirable installation. Measures should be taken to protect the |eads
and transducer from damage during driving.

e. Strain Cages. Several types of strain gages are in commobn use today.
They may be grouped according to the principles by which they operate. Basi-
cally, three principles of operations are used: nmechanical, electrical resis-
tance, and vibrating wire. The latter two are nore commpn in gages used to
monitor sheet pile structures. Each is designed to neasure very small changes
in length of the structural nmenmber at the point of installation. The change
in length is converted into stress, load, or bending nonent. In cellular
structures, strain gages have been used principally to observe interlock ten-
sion within sheet pile members. The gages are made such that they can be
attached to a surface by neans of an epoxy adhesive or by welding. Two types
of electrical resistance strain gages are available, including the bonded
types and the weldable types. Bonded types are designed to be bonded to the
surface of a structural menber by neans of an adhesive epoxy. The success of
this type of gage depends on the surface preparation of the structural mem
bers, which should be perfectly clean and dry, the gage bondi ng, waterproofing
of the gage, which is absolutely essential, and the physical housing provided
to protect the gage and lead wires. The wel dabl e-type gages are spot wel ded

to the structural surface with a portable welder. The resistance elenent is
bonded or welded to a very thin stainless steel shimstock, which is spot
wel ded to the clean snooth surface of the structural nenmber. The success of

this gage depends very much on the sane factors as those affecting the success
of the bonded-type gage. Vibrating wire strain gages are usually arc wel ded
or spot welded to the surface of the structural nenber. (Gages that are arc
wel ded are bolted into fixed end bl ocks under the correct tension. The end

bl ocks are arc welded to the structural nmenmber at the proper spacing. In
gages that are spot welded to the surface, the wire is pretensioned and welded
to a shimstock, and the shimstock is spot welded to the surface of the
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structural nenmber. Vibrating wire strain gages are equipped with a plucking
and cable assenbly. This assenbly is detachable with nost nodel s and can be
used with nmore than one gage if they are in proximty. The vibrating wire
strain gage operates on the principle that the natural frequency of a vi-
brating wire, constrained at both ends, varies with the square root of the
tension in the wire. Any change in strain in the menber to which the gage is
attached is indicated by a change in tension in the wire. The frequency of
the wire is determned by plucking the wire and neasuring its frequency. Zero
drift in vibrating wire strain gages, caused by stretching or creep in the
wire or by slippage at the wire grips, has been reduced by heat treating the
wire during manufacturing, by keeping the tension in the wire to | ess than

25 percent of the yield stress, and by using no |oad gages. (Gages wth

therm stors for tenperature neasurenents are available if tenperature neasure-
ments are desired. Table 7-1 lists advantages, limtations, and other per-
tinent information for various types of strain gages used to nonitor stee
sheet pile structures.

f. Precise Measurenent Systems. Horizontal and vertical surface dis-
pl acement can be detected by making precise neasurenents of |engths, angles,
and al i gnnents between reference monunments and sel ected points on the struc-
ture. These nmeasurenments can be grouped into three categories: precise
al i gnnent measurenent, precise distance and el evation neasurenents, and
triangulation and trilateration surveys. The instruments comonly used to
nmake these neasurenents include |aser transnmitters and receivers, precision
theodolites and levels, electronic distance neasurement instrunents, alignnment
targets and reflectors, and auxiliary equipnment. The reference nonunents
shoul d be set in rock or stable soil, |located outside the influence of the
construction area, and protected from incidental disturbances. At least two
reference nonunents, each with a clear line-of-sight to the other and the
selected points on the structure, should be installed. The selected points on
the structure should be permanently marked such that the exact sane points are
used during each survey. In addition to the foregoing neasurement systens,
plunb l'ines can be used to neasure bending, tilting, or deflections of sheet
pile structures fromexternal |oading, sliding, and deformation of the founda-
tion. A thorough discussion of precise measurenment systens is given in
EM 1110-2-4300

7-5.  Accuracy of Required Measurenents. Accuracy indicates the degree of
agreenent between the nmeasured value and the true val ue. It signifies the
range the measured value will deviate fromthe true value. Accuracy is not to
be confused with precision or sensitivity. Precision indicates the degree of
agreenent between repeated neasurenents of the sane quantity and sensitivity
represents the smallest quantity observable as a measurement is made. Severa
factors influence the accuracy of field measurements. Anong these factors are
t he physical features of the device, installation procedures, environnenta
conditions, conformance of the instrument to the actual changing conditions,
data reduction procedures, and observer errors. Accuracy should be verified
This can be done by nmonitoring two or nore systens independently or by using
instruments that can be renoved, checked and/or recalibrated periodically, and
reinstalled. The last will be virtually inpossible with many instrunments and
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installations. The required accuracy is related to several factors, includ-
ing: the sensitivity of the structure to the required measurenments, the
magni t ude of the neasurenents during the observational period, the |length of
the observational period, and the purpose of the monitoring program  These
factors should be carefully considered in connection with the type of sheet
pile structure being nonitored and the field neasurements desired. Generally,
the accuracy of nost readily available instruments will neet the accuracy
requirenents for perfornmance eval uation of nost nmonitoring prograns, provided
the instrunent is installed, operated, and maintained in accordance with the
manuf acturer's recommendations. The accuracy of npst instrunents can be
obtained from the nmanufacturer's literature. Gould and Dunnicliff (item 34)
and Wlson and M kkel son (item 95) presented tabular data on the accuracy of
vari ous neasurenent nethods and instruments common to neasuring defornation
and pore pressure

7-6. Collection, Processing, and Evaluation of Data. Data nust be collected,
processed, and evaluated as expeditiously as possible if the nonitoring pro-
gramis to have any chance of success. Careful attention nmust be given to
whormever will collect the data. This can be the responsibility of the con-
tractor or the owner. In any event, the person collecting the data nust have
experience or be trained to collect the data. This person nust be aware of
what constitutes abnornmal data, mal functioning nonitoring equiprent, and in-
struments that have been damaged. |f the data are to be collected by the con-
tractor, the specifications nust be definite regarding who will collect the
data, when and how it will be collected, transmtting the data to the owner,
processing and evaluating the data, reporting mal functions, repairing and

repl aci ng damaged equi pment and instruments, and other factors unique to the
monitoring program A nonitoring schedul e should be established to provide
data that are needed to evaluate the structure under all conditions of con-
cern. The schedul e should include special nonitoring during critical |oad

phases of the structure. Input by the design engineers will be very hel pfu
in establishing a meaningful nonitoring schedule. [Initial observations should
be made on all instrunents inmmediately after installation. This is base data,

and nost subsequent data will be compared with this initial data. Collected
data should be pronptly processed for easy review and evaluation. This can be
done manually or by conputer technology, if conputer facilities and suitable
software are readily available. The choice of processing the data by conputer
or manual |y should be wei ghed against the volunme of data to be processed, the
cost of the conputer systens, the personnel available, and the convenience of
each nethod to the people evaluating the data. Regardless of the nethod
chosen, the data should be presented in sone graphic formthat is readily up-
dated as new data are acquired. Gaphic presentation of data hel ps to estab-
lish trends, pinpoint variations, and guards against overlooking inportant
data. Data that have been collected and processed should be pronptly eval u-
ated by design engineers and others involved in the design and construction
process. The eval uation shoul d include an assessnment of the validity of the
data, a determination of the existence of any adverse situation that calls for
imediate attention, a correlation of the data with other activities, and a
conparison of the data with predicted behavior. Care nust be taken not to
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rej ect what seens to be abnornmal data wi thout due consideration of the factors
likely to produce the data.

7-7. Exanple of Instrunentation. Figures 7-1 through 7-8 illustrate the
instrunentation used to nonitor the first-stage cofferdamfor the replacenent
of Lock and Dam No. 26 on the Mssissippi River. The objective of the program
was to nonitor the response of the cofferdamduring construction and at vari -
ous stages of l|oading and eval uate the design assunptions as well as the

met hods of design and analysis. The results of this programwere to be used
to devel op recommendations for a nore cost effective design of the second- and
third-stage cofferdans. The intent of these figures is to provide an exanple
of the layout and installation details of the instrumentation used in a prac-
tical situation. The details of each nonitoring program nust be worked out in
light of the many factors unique to that program  The nonitoring program for
Lock and Dam No. 26 was performed under the direction of the US Arny Engi neer
District, St. Louis, by Shannon and WIlson, Inc., St. Louis, Mssour

(item 24).
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